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The erroneous flipping of polarity in seismic records of ocean-bottom seismometers
(OBSs) could go unnoticed and undiagnosed because it is coupled with unknown hori-
zontal orientation of OBS instruments on the seafloor. In this study, we present detailed
approaches to first identify potential errors in the flipping polarity of individual OBS
instruments, and then determine the correct orientation of OBS instruments on the sea-
floor. We first conduct a series of tests by artificially flipping the polarity of seismic
records of the Global Seismographic Network stations to determine the effects on ori-
entation estimates, utilizing polarization characteristics of teleseismic P and Rayleigh
waves, respectively. The tests demonstrate that erroneous polarity reversal in seismic
recording could cause false estimates and reverse radial (R) and tangential (T) compo-
nents. We determine the sensor orientations through comparing the observed wave-
forms to the synthetic waveforms, which could solve the ambiguity of R and T directions
caused by potential erroneous polarity reversal of OBS data. We then apply the
approaches to an OBS data set collected in the southern Mariana subduction zone
to obtain the correct orientation for 9 out of 12 OBS instruments.

Introduction
Waveform data recorded at ocean-bottom seismometers (OBSs)
have significantly advanced our understanding of plate tectonics
and the internal structure of the Earth by extending seismic net-
work to the vast Earth surface covered by the ocean. Studies
based on travel times of seismic waves, such as earthquake loca-
tion and seismic tomography, have been pervasively conducted
using OBS data at subduction zones in recent decades (Tibi et al.,
2008; Emry et al., 2011; Barklage et al., 2015; Cai et al., 2018; Zhu
et al., 2019). However, because sensors are settled onto the sea-
floor through a free-fall process during typical OBS deploy-
ments, it is more difficult to utilize OBS waveforms than land
data because of time drifting (Le et al., 2018; Zhu et al., 2019),
potential tilting (Crawford and Webb, 2000; Hung et al., 2019),
and unknown orientations of horizontal components (Stachnik
et al., 2012; Scholz et al., 2016). Compared with land seismic
data, waveform-based studies using OBS data are limited due
to poorly oriented horizontal components and low signal-
to-noise ratio (SNR) of OBS data. In addition, unexpected
problems with the OBS stations (e.g., randomly flipping wave-
forms) could result in anomalous observations, making it more

complicated to precisely estimate orientation of OBS horizontal
components.

Several approaches have been used to determine sensor ori-
entations. For example, analyzing the polarization of the vecto-
rial seismic signals (body wave or Rayleigh wave) from known
earthquakes can provide information about the azimuth of sen-
sors (Vidale, 1986; Baker and Stevens, 2004; Stachnik et al.,
2012; Rueda and Mezcua, 2015; Scholz et al., 2016). Moreover,
a recent study demonstrates that the sensor orientations can be
estimated via analyzing the polarization of Rayleigh waves
retrieved from ambient-noise cross correlation (Zha et al., 2013;
Xu et al., 2018). However, these approaches may yield false
results when the original OBS recording suffers erroneous,
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reversed polarity, making any analysis based on ground motion
in the tangential (T) and radial (R) directions difficult. Reversed
polarities are common for seismic stations on land for a variety of
reasons (Hurst et al., 2002; Roman et al., 2006; Sens-Schönfelder,
2008; Niu and Li, 2011; Yang et al., 2012; Young et al., 2016),
even for some permanent stations (Ekström and Nettles,
2010; Li, Hauksson, and Andrews, 2019). Although it is straight-
forward to identify and correct reversed polarities for land sta-
tions using teleseismic waveforms, identifying and correcting
polarities as well as orientations of OBS horizontal components
are more difficult because they are coupled together.

We notice such problems of the OBS data at the southern-
most Mariana subduction zone. The vertical components of a
few OBSs are obviously flipped, as shown in the waveform
records of one teleseismic earthquake on land stations in the
similar azimuthal range (Fig. 1). However, without knowing
whether the horizontal components suffer the same problem,
we cannot correct their orientation using traditional methods.
Unfortunately, because some of these OBS instruments were
lost at sea or broken during other experiments shortly after
the Mariana expedition, it is impossible for us to conduct lab-
oratory consistency tests. Therefore, it is vital to estimate the

orientation of OBS horizontal
components with randomly
flipping polarities. The results
of OBS orientations are useful
for conducting waveform-based
seismic studies, such as earth-
quake focal mechanisms, which
could facilitate the investigation
of regional stress fields (Reyners
et al., 1997; Webb and
Anderson, 1998; Evanzia et al.,
2017; Bloch et al., 2018), the
width of seismogenic zone on
the megathrust (Emry et al.,
2011), and the depth extent of
different types of faulting in
theouter-rise region (Craig et al.,
2014; Emry et al., 2014; Zhang
et al., 2014, 2018; Zhou et al.,
2015; Zhou and Lin, 2018).

In this study, we present a
framework to correct orienta-
tions for OBSs with flipped
waveforms. We first conduct a
series of tests by artificially
flipping polarity of the
data recorded at Global
Seismographic Network (GSN)
stations, the horizontal orienta-
tions of which are already
known to determine the

influences of one or two reversed channels on orientation esti-
mates based on polarization analysis. We then estimate orien-
tations of the Mariana OBS horizontal components via
analyzing polarization of teleseismic P waves and Rayleigh
waves, as well as waveform modeling. Comparing the observed
waveforms to synthetic waveforms could effectively solve the
ambiguity of R and T directions caused by flipping polarity of
OBS data. The results here could provide detailed specifica-
tions to correct orientations of OBSs or land stations with ran-
dom polarity reversal. Such studies could also motivate efforts
to develop and improve the manufacture of OBSs, as well as
preparation of OBS data acquisition, for example, consistency
testing of OBSs, prior to deployment.

Data Set and OBS Clock Error
The data analyzed in this article were collected during two
OBS experiments in the southern Mariana subduction zone,
including a total of 12 broadband OBSs, each of which was
equipped with a three-component broadband seismograph
and a hydrophone. During the first OBS experiment of
“Challenger Deep” expeditions in December 2016, both active
and passive source seismic experiments were carried out. The
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Figure 1. The polarity reversal of ocean-bottom seismometer (OBS) vertical components identified
from teleseismic waveforms. (a) Vertical recordings are aligned by P arrivals on Global
Seismographic Network (GSN) (black) and OBS stations (blue lines within the dashed box) with the
GUMO and PA03 OBS station shown in red. (b) Vertical recordings on OBS stations. Only the
polarity of PA03 OBS station is consistent with GUMO station, whereas other OBS stations are
reversed. (c) Location of earthquake with focal mechanism, GSN stations (red triangles), and the
OBS (yellow triangle). The color version of this figure is available only in the electronic edition.
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active source seismic experi-
ment lasted two weeks starting
1 December 2016 with 18
OBSs, based on which a 2D
crustal P-wave velocity model
was obtained (Wan et al.,
2019). For the passive source
OBS experiment, seven long-
term broadband OBSs were
deployed in the fore-arc region,
and six of them were recovered
in June 2017 (the PA* OBS sta-
tions in Fig. 2) (Zhu et al.,
2019). Both the deployment
and recovery of OBS instru-
ments were conducted by R/V
Shiyan 3 of the South China
Sea Institute of Oceanology,
Chinese Academy of Sciences
(CAS). The other six broadband
OBS instruments (the PG* OBS
stations in Fig. 2) were deployed
by R/V Tansuo 1 of the Institute
of Deep-sea Science and
Engineering, CAS, in March
2017 and recovered in June
2017 by R/V Shiyan 3; these
instruments mostly cover the
outer-rise region (Fig. 2).

We have inspected timing problems and corrected drifting
for the PA* OBSs based on teleseismic differential travel times
and ambient-noise cross correlation (Zhu et al., 2019). Here,
we followed the same procedure to check and correct the time
errors for the PG* OBS stations. We found that all PG* OBS
stations had negligible time drifting except the PG01 station,
the time base of which sharply changed tens of seconds for
many times during the deployment. Because of the temporal
resolution of time symmetry analysis using noise cross-corre-
lation functions, sharp changes within a short time period are
hard to identify. Therefore, to inspect the detailed timing insta-
bility of PG01 station, we compared its observed and predicted
travel times using available travel-time data of distant and local
earthquakes.

For the distant earthquakes during the observed period,
P-wave travel times at PG01 station deviated significantly from
the predictions and observations at other OBSs. Furthermore,
the differences changed with time, indicating variant timing
errors during the deployment (Fig. 3). Because of the lack
of moderate-size, distant earthquakes during the PG01 deploy-
ment, we checked the P-wave travel-time differences between
observations and predictions of located local earthquakes (Zhu
et al., 2019), which show complicated changes in the PG01 sta-
tion time base (Fig. 4). Despite the irregular time intervals

between sudden jumps, the magnitude of each jump seems
to be multiples of ∼17:5 s.

To figure out the possible cause, we checked the raw data
segments. According to the GPS synchronization recordings
before deployment and after recovery, internal clock time error
of PG01 station was only 0.08 s during the entire period, indi-
cating that the reference time of each raw segment should be
correct. However, the time lengths of segments with identical
data points may abruptly change by multiples of ∼17:5 s
(Fig. 4), which is the reason for sudden jumps of observed
P-wave travel time. What is more complicated is that P-wave
travel-time differences between observations and predictions
of local earthquakes shifted during the time span of one single
segment, suggesting problems of the timing of internal sam-
pling. During our process of correcting the orientations, we
then applied different time shifts to account for the timing
problem of the PG01 station for different time periods.

Polarity Reversal and Horizontal
Orientation
The reversed vertical polarities of 11 OBS stations were iden-
tified according to teleseismic recordings compared with that
at the adjacent GUMO and other GSN stations (Fig. 1). To
check the stability of OBS polarity, we selected earthquakes
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with different origin time, azimuth, and known Global
Centroid Moment Tensor (Global CMT) solutions. After
inspecting waveforms of earthquakes with clear P arrivals,
we found that the vertical polarities of OBS stations remained
reversed during the entire deployment. Such polarity reversal
does not affect earthquake detection or location but inevitably
influences the estimates of horizontal orientations.

Although we could directly correct the polarity of vertical
components, it is much more challenging to use the same
approach for horizontal components, because polarities
are coupled with the unknown horizontal orientation.
Furthermore, we did not know whether one or two horizontal
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Figure 3. Timing instability of PG01 OBS station based on
teleseismic waveforms. (a–c) Vertical OBS recordings of three
earthquakes, focal mechanisms of which are shown in (d). Black
bars indicate theoretical travel times of P waves based on the
IASP91 velocity model. The PG01 has obvious timing changes.
(d) A map showing distribution of the three earthquakes that
occurred during the deployment of OBS (open triangle). (e) Time
differences between the observed and theoretical arrivals of OBS
PG01 station based on eight teleseismic earthquakes during the
deployment.
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components of the OBSs were flipped. To tackle the challenge,
we first conducted tests using the data of GSN stations to verify
the influences from polarity reversal on estimating orientations
based on methods of P-wave and Rayleigh-wave polarization.
We then applied them to the OBS data and corrected the ori-
entation and waveform polarity by waveform modeling.

Polarization analyses
Polarity reversal effects on orienting OBSs using
Rayleigh-wave polarization. Azimuth can be determined
via polarization analysis of the Rayleigh wave recorded on
three-component sensors, as the Rayleigh wave exhibits retro-
grade elliptical particle motion in the vertical–radial plane
(Laske, 1995; Baker and Stevens, 2004; Stachnik et al., 2012;
Scholz et al., 2016). The polarization analysis is performed by
cross correlating the vertical component with the Hilbert-
transformed radial component. The 90° phase shift associated
with the Hilbert transform yields a theoretically linear relation
between the two signals (Baker and Stevens, 2004; Stachnik
et al., 2012; Zha et al., 2013). For a sensor with unknown ori-
entation, a grid search with 1° step in the 0°–359° range is con-
ducted to find the optimal azimuth for which the normalized
correlation coefficient of the vertical signal and Hilbert-
transformed radial signal is a maximum.

To figure out the exact effects of polarity reversals on esti-
mates of OBS horizontal orientations using polarization analy-
sis of Rayleigh waves, we conducted a series of tests using
teleseismic waveforms on land GSN stations the horizontal ori-
entations of which are already known (Fig. 5). Seismograms of
earthquakes with magnitude > 5:0, depth < 300 km, and the
epicentral distance larger than 300 km were selected. Assuming
the group velocity of a Rayleigh wave is 2:7–4:7 km=s, the time

window used for analysis is [distance/4.7 + 20 s, distance/2.7 s].
Different band-pass filters, 0.02–0.04 Hz, 0.03–0.05 Hz, and
0.04–0.06 Hz, were used (Baker and Stevens, 2004; Stachnik
et al., 2012). The estimates were well consistent for different
filters. We then adopted two criteria to refine the estimates:
(1) the SNR of the Rayleigh wave was larger than 5 on at least
one horizontal component; Here, SNR was measured as a ratio
of the energy within the selected time window to the energy of
tailing noise. (2) The normalized correlation coefficient was
larger than 0.5.
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Figure 5. Testing the effects of polarity reversal on the esti-
mated orientations using GUMO station. (a) Normalized polar
distribution of estimated BHN orientations via polarization
analysis of Rayleigh waves, with the normalized correlation
coefficient (CC) > 0:5 and signal-to-noise ratio (SNR) > 5. The
red arrow marks the mean value of estimated BHN orientations
(358.8°). (b) Distribution of all estimated BHN orientations
versus SNR, with blue dots (CC > 0:5) and gray dots
(CC < 0:5). The vertical black dashed line marks the cutoff SNR
value of 5. (c,d) The distribution of estimated BHN orientations
with a flipped vertical component (BHZ). (e,f) The distribution
of estimated BHN orientations with one flipped horizontal
component (BHN).
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Under normal circumstances, estimated azimuth of BHN
component is convergent toward north (Fig. 5a,b). When the
vertical component is reversed, estimated azimuth of BHN
component is (falsely) convergent toward south, but the esti-
mates of azimuthal values are still focused (Fig. 5c,d). The
wrong estimation caused by the vertical-component polarity
reversal leads to reversed R and T components (Fig. 6a). In
comparison, the estimates of the BHN component are highly
scattered when only one horizontal component is reversed
(Fig. 5e,f). The wrong estimation results in reversed T compo-
nent (Fig. 6b). If two horizontal components are both reversed,
the situation is the same with only a vertical polarity reversal.

Polarity reversal effects on orienting OBSs using
P-wave polarization. We have also analyzed the polariza-
tion of the P wave based on the eigenvalue analysis (Flinn,
1965; D'Alessandro et al., 2013). The procedure follows that
of D'Alessandro et al. (2013) and is briefly described later.
The three eigenvectors νj�j � 1; 2; 3� with corresponding
eigenvalues λi�i � 1; 2; 3; λ1 > λ2 > λ3�, define the polariza-
tion ellipsoid of P waves. The level of linear polarization could
be quantified by the linearity index, which varies from 0 to 1
(Fig. 7; D'Alessandro et al., 2013):

EQ-TARGET;temp:intralink-;df1;53;444Linearity � 1 −

�
λ2 � λ3
2λ1

�
: �1�

Using the first P phase with high linearity, the back azimuth
(baz_cal) can be computed by the following equation:

EQ-TARGET;temp:intralink-;df2;53;366bazcal � arctan

�
α21
α31

�
� 180°; �2�

in which α21 and α31 are the cosines of the angles between the
eigenvector ν1 and the north–south and east–west directions,
respectively. For a sensor (bhx) with unknown orientation (θ),
the sensor orientation can be determined as:

EQ-TARGET;temp:intralink-;df3;53;262θ � baz − bazcal; �3�

in which baz is the station-to-event back azimuth along the
great circle path and baz_cal is the estimated back azimuth.

We also tested the polarity reversal effects on orienting
OBSs based on P-wave polarization using the GSN stations.
Earthquakes in the epicentral distance greater than 300 km with
M > 5:0 and clear P waves were selected. The time window of
the initial P phase was manually selected for each earthquake
(Fig. 7). Two criteria were adopted to refine the calculations:
(1) SNR of the initial P wave should be larger than 5 on both
horizontal components. Here, SNR was measured as the ratio of
the energy within the selected initial P-wave window to the
energy of heading noise; and (2) the linearity should be larger
than 0.95.

The polarity reversal effects on P-wave polarization analysis
are similar to that of Rayleigh-wave polarization. To summa-
rize the effects, (1) a vertical flip leads to reversed but conver-
gent estimations, resulting in reversed radial and tangential
components; (2) one flipped horizontal component leads to
false and nonconvergent orientations; and (3) the effects of
two flipped horizontal components are the same as those of
only the vertical polarity reversed.

Determination of orientation via synthetic
waveforms
Although we can identify whether one horizontal component
flipped based on the nonconvergent distribution of estimates
of azimuthal values, we cannot distinguish between two flipped
or two normal horizontal components because of the 180°
ambiguity of R and T components. Therefore, we computed
synthetic waveforms and conducted waveform modeling to
solve the 180° ambiguity problem. If the observed R and T
components are consistent with synthetics, the tentatively
estimated optimal orientations are true and the polarities of
horizontal components are normal. Otherwise, the estimated
orientations will differ from the true values by 180°, and the
two horizontal components are flipped.

The estimates of horizontal orientation were convergent for
all OBS stations in the southern Mariana, indicating that their
two horizontal components were either normal or reversed
simultaneously. The tentatively optimal orientations were calcu-
lated as the circular mean of all acceptable measurements from
both Rayleigh- and P-wave polarization, even though the num-
ber of Rayleigh-wave polarization measurements is usually larger
than that of P waves due to higher signal amplitudes of Rayleigh
waves. A bootstrap algorithm was adopted to estimate the 95%
confidence interval of the mean orientation angle (Menke and
Menke, 2009). The observed waveforms were first rotated to
R and T directions according to the tentatively estimated orien-
tations (but they may be wrong by 180° if the data were flipped).

To solve such ambiguity, we selected an Mw 6.8 earthquake
(Table 1) and compared the synthetic waveforms to the
observed tangential and radial seismograms on OBS stations.
We adopted the frequency–wavenumber integration method
(Zhu and Rivera, 2002) to compute Green’s functions using
the 1D IASP91 velocity model (Kennett and Engdahl, 1991).
To validate our synthetics, we first compared them to observed
seismograms on GSN stations (30°–90°). To improve fitting of P
phases with observations, we slightly modified the source param-
eters of Global CMT solutions (Table 1) and then used the modi-
fied Global CMT solution (depth, magnitude, strike, dip, rake,
and source duration) to compute synthetic waveforms (in veloc-
ity) (Fig. 8a). For the observed seismograms, the instrumental
responses were removed, and the three-component seismograms
were rotated to vertical, radial, and tangential components. We
carefully selected traces by visual inspection and retained traces
with clear P waves and SH waves. A 0.01–0.05 Hz band-pass
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filter was used for both syn-
thetics and observations, which
is slightly higher than that
used for Global CMT solutions
(∼0:003–0:02 Hz; Ekström
et al., 2012). The different
band-pass filters may slightly
affect the choice of best-fitting
source parameters.

We then compared syn-
thetics to observations on OBS
stations (Fig. 8b). Using the
tentative orientation for each
OBS, only the waveforms of
PA03 were consistent with the
synthetics. The observed R and
T components of other OBSs
were all flipped compared with
the synthetics, demonstrating
that their horizontal compo-
nents were flipped simultane-
ously. After we corrected the
flipped data, the polarities of
observed waveforms were con-
sistent with that of the GUMO
station, as well as the synthe-
tics on all three components
(Fig. 8b). Therefore, we cor-
rected the tentative horizontal
orientation by 180° except for
the PA03 station. After consul-
tation with the manufacturer,
we think that improper pro-
duction process, such as erro-
neous cable wiring may be
responsible for the flipped
polarity of the OBS recordings
at the southernmost Mariana
subduction zone.

Because of the poor SNR
on at least one component for
three OBSs (PA07, PG02, and
PG03), we could not determine
their orientations, and thus
obtained orientations for nine
out of 12 OBSs. The estimated
azimuth of horizontal BHX
components for the nine
OBSs were shown in Table 2
and Figure 2, based on which
the observed waveforms were
rotated to radial and tangential
components (Fig. 8b).
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Figure 6. Testing effects of polarity reversal on orienting radial (R) and tangential (T) components
using the GUMO station. Effects of (a) vertical polarity reversal and (b) one horizontal polarity
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of the earthquake: original time 8 December 2016 14:49:45, latitude = 40.4535°, longitude =
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Discussion
It is necessary to correct horizontal orientations for OBS sta-
tions, which is vital for waveform-based seismic studies, such
as earthquake focal mechanisms, anisotropy analysis
(Katayama et al., 2009), receiver functions (Hung et al.,
2019), and waveform tomography (Li et al., 2007; Yang and
Zhu, 2010; Sun and Helmberger, 2011). Although many tradi-
tional methods based on polarization analyses have been used
to calculate horizontal orientations, these methods will get false
orientations when an OBS suffers flipped polarities or mislab-
eling channels. The procedure presented in this study could
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Figure 7. Time-domain polarization analysis of the P wave
recorded by PA02 OBS station. The initial P phase with a good
linearity index within the dashed golden box is used to estimate
the back azimuth. (a) The three-component seismograms with a
1–3 Hz band-pass filter. (b) The comparison of calculated
emergence angles between polarization analysis (black dots) and
geometric methods (dashed blue line). (c) The estimated back
azimuth by polarization analysis (black dots) and geometric
methods (dashed blue line). The average value within the dashed
box is regarded as the optimal back azimuth. (d) The linearity
index of seismic waves. The color version of this figure is available
only in the electronic edition.

TABLE 1
Global Centroid Moment Tensor (Global CMT) Solution and Modified Source Parameters of the Mw 6.8
Earthquake at 9 May 2017 13:52

Sources Latitude (°) Longitude (°) Depth (km) Strike (°) Dip (°) Slip (°) Mw Duration (s)

Global CMT −14.55 167.20 181.4 177 49 125 6.8 5.9

This study −14.55 167.20 170.0 177 42 125 6.8 3.0

Bold values are the modified parameters different from the Global CMT values.
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effectively distinguish one
from two flipped horizontal
components and eliminate
the 180° ambiguity caused by
flipped polarity, taking advan-
tage of channel-to-channel
comparison between observed
and synthetic waveforms. One
obvious advantage of the pro-
cedure is that the flipped chan-
nels could be identified and
corrected without the need
for laboratory tests. Of course,
it requires clear OBS wave-
forms from at least one tele-
seismic event. Although the
waveform fittings on the R
and T components are not as
good as those on the vertical
components due to the typi-
cally low SNR of horizontal
components, the oriented
waveforms from the southern
Mariana OBS array are highly
consistent with waveforms
from the nearby GUMO station,
indicating robust orientation
measurements. Therefore, it is
also practical to cross correlate
the OBS recordings with wave-
forms of well-oriented land sta-
tions, if teleseismic waveforms
are too noisy.

Large noise level on the R
and T components can be
caused by a variety of factors,
including coupling condition,
local currents, and other uncor-
related noises (Trehu, 1985;
Webb, 1998; Lin et al., 2010;
Webb and Crawford, 2010).
Previous studies have indicated
constantly changing noise level
or coupling condition between
OBS and seafloor (Trehu,
1985; Webb, 1998; Webb and
Crawford, 2010). Such noise
will affect inversion of earth-
quake focal mechanisms, which
rely heavily on the ground mo-
tion caused only by seismic sig-
nals. Therefore, to calculate the
earthquake focal mechanisms,
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Figure 8. Comparison between the observed (black lines) and synthetic (red lines) waveforms of an
Mw 6.8 event. The synthetics are calculated based on modified Global Centroid Moment Tensor
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color version of this figure is available only in the electronic edition.
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systematic calibrations of ground motion for each OBS should
be addressed in future studies.

In addition to diagnosing the polarity and horizontal orien-
tation of OBSs, the procedure presented in this study may also be
useful to correct land seismic stations. Ekström and Nettles
(2010) report the erratic behavior of the horizontal components
of some GSN stations due to chronic sensor problems. Niu and
Li (2011) suggest that about one-third of the China Digital
Seismic Network stations have problems, including misorienta-
tion of the two horizontal components, mislabeling, and polarity
reversal in one or more components. Li, Hauksson, and Andrews
(2019), Li, Hauksson, Heaton, et al. (2019) find that four perma-
nent stations of Southern California Seismic Network (SCSN)
were flipped in horizontal directions and about 5% of stations
of the SCSN have data issues to various extents (Li, Hauksson,
and Andrews, 2019; Li, Hauksson, Heaton, et al., 2019). When a
retroactive remedy for these problems is impossible, we could
diagnose the problems following the analysis in this study.

Conclusions
We have presented detailed approaches to orient OBS horizontal
components with polarity reversals and solve the ambiguity
of radial and tangential directions via waveform modeling.
Orientation results of the southern Mariana OBS array produce
waveforms that are highly consistent with waveforms of the
on-land GUMO station, indicating that the approaches provide
robust retrieval of horizontal OBS signals. The effects of flipping
polarity on polarization analysis have been tested using GSN sta-
tions: (1) a vertical component flip leads to reversed but conver-
gent estimations, resulting in reversed radial and tangential
components; (2) one horizontal-component flip leads to false
and nonconvergent estimates on orientations; and (3) the effect
of two flipped horizontal components is the same as a flipped
vertical component.

Data and Resources
We collected the seismograms of Global Seismographic Network (GSN)
stations via the Incorporated Research Institutions for Seismology
(IRIS). The Global Centroid Moment Tensor (Global CMT) Project
database was searched using www.globalcmt.org/CMTsearch.html.
Seismic Analysis Code (SAC), MATLAB, and TauP Toolkit (Crotwell
et al., 1999) were used in our study. Software packages Generic
Mapping Tools (Wessel and Smith, 1991) and PSSAC (developed

by Lupei Zhu) were used for data analysis and figure preparation in
this study.
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